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ABSTRACT 

The Interaction of two Incompressible, turbulent, 

bounded Jets was Investigated experimentally by using hot 

wire technique. Detailed measurements of velocity In the 

Interaction zone and farther downstream were made for dif- 

ferent values of setback, width of the control jet nozzle 

and control Jet total pressure. Turbulence Intensity pro- 

files across the jet for various distances downstream from 

the stronger (power) Jet nozzle exit are also reported. 

Angles of deflection of the power jet were determined experi- 

mentally. The aspect ratio at the power jet nozzle exit was 

2, and the Reynolds numbers, based on the average power jet 

velocity and power nozzle width. In the tests were 12,800 

and 20,000. It was found that the control jet separates from 

the setback wall before It reaches the power jet.  Two ana- 

lytical models, an Ideal fluid model and a real fluid model, 

were used In predicting the angle of deflection.  The Ideal 

fluid model Is only fairly successful In prediction of the 

angle of deflection of the power jet. The real fluid model, 

which utilizes some empirical Information, allows accurate 

prediction of the angle of deflection of the power jet as a 

function of nozzle geometry and flow conditions.  It also 

allows calculation of the velocity distribution of the com- 

bined Jet at a location where the potential core disappears. 



1.   INTRODUCTION 

A phenomenon basic to many classes of fluid amplifiers 

Is the Interaction of a weak control Jet with a power Jet. 

The Information on the angle of deflection of the power Jet 

as well as the velocity distribution of the combined Jet Is 

necessary In evaluating the gain of such amplifiers. In 

view of the previous work that has been done In this area, 

one finds that there Is still a lack of understanding of 

the process of Interaction and that the analyses reported 

by various Investigators for prediction of the angle of 

deflection of the power jet are not very satisfactory.  (A 

review of previous work Is described In the next section.) 

The specific aim of the present Investigation was to 

study the Interaction of two Incompressible, turbulent, 

bounded Jets. The aspect ratio of the power Jet nozzle at 

the exit was 2. The test Reynolds numbers based on the 

average velocity of the power Jet at the nozzle exit and on 

the width of the power Jet nozzle were 20,000 and 12,800. 

The control Jet supply pressure ranged from zero to forty 

percent of the power Jet supply pressure. Air was used as 

the working fluid. 

Two analytical models were employed to predict the 

angle of deflection of the power Jet. A comparison with 

the experimentally determined values was made. Detailed 



velocity measurements near the nozzle exits and far down- 

stream are reported. 

2.       REVIEW OF PREVIOUS WORK 

In 1962, Dexter [I]4 employed a  simple momentum balance 

of the control  and power jets  to determine analytically the 

angle of deflection of the combined jet.    The effect of the 

pressure distributions In the  Interaction reg1onwfliglected. 

Also  In  1962.  Rellly and Moynlhan  [2]  In their first  publi- 

cation on  the subject used a  similar momentum balance  to 

determine the angle of deflection.    Later, In 1964,  In an 

Investigation of the deflection of the power jet by two 

unbalanced control  jets, Moynlhan and Rellly [3] extended 

the  control  volume Into the  nozzles  thus  taking  Into account 

the effects of the wall  pressure and of the static pressure 

near the nozzle exits.    The aspect ratio of their power 

nozzle at exit was 6, and the Reynolds number of the power 

Jet was 16,000.    Experimental   results of Moynlhan and Rellly 

showed that the static pressure varied across the flow at 

the nozzle exits.    However,  the static pressure was uniform 

approximately one nozzle width upstream of the nozzle exits. 

The experimental  results obtained by them showed that the 

knowledge of the pressure acting on the walls as well  as 

Numbers In brackets denote references listed on page 156 



the static pressure In the Interaction region were Important 

In determining the angle of deflection. They reported that 

there was a pinching action of the control Jets on the power 

Jet. The effective pivot point of the combined Jet was 

found to be approximately at the Intersection of the center- 

lines of the power and control Jet nozzles. 

Chlu and Man [4], In 1967, also studied the interaction 

of three Jets. Emplrlral formulae for  the centerllne veloc- 

ity decay and static pressure distributions In the Inter- 

action region were reported. Power Jet deflection angles 

were calculated by considering the momentum and static pres- 

sure forces. They used empirical formulae for the static 

pressure distributions In the Interaction region which are 

valid for their test rig geometries. This approach was 

similar to that of Moynlhan and Rellly [3]. The aspect 

ratio of the power Jet nozzle used by Chlu and Man was 2.5, 

and the power Jet Reynolds number range was 5,000 < Re < 

20,000. 

Also In 1967, Douglas and Neve [5] used flow visualiza- 

tion on a water table to study the Interaction of a power 

Jet with control Jets. They observed that a triangular 

stagnant region existed between the control Jet, the power 

Jet and the setback wall. The fluid In the triangular 

region was observed to be circulating. The control Jet was 

observed to turn along the edge of the triangular region 



and thus retained Its own Identity as It approached the 

power Jet. They explained that the power Jet acted like a 

brick wall and caused an adverse pressure gradient along 

the setback wall and thereby caused the boundary layer 

associated with the control Jet to separate from the wall. 

An enlarged scale pneumatic model was also used In their 

experimental study. The flow visualization study In the 

pneumatic model showed that the control Jet retained Its 

Individuality until a distance of approximately 2.5 times 

the width of the power Jet nozzle, after which It appeared 

to break up. The test results also showed that when two 

equal control Jets were operating, they appeared to cause 

pinching of the power Jet. The velocity profiles obtained 

by Douglas and Neve showed an Increase In the maximum Jet 

velocity to a distance of 2.5 times the width of the power 

Jet nozzle and a subsequent decrease. They Interpreted 

this as the pinching effect on the power Jet by the control 

Jets. This effect became more and more severe as the con- 

trol Jets strengths were Increased. The acceleration of 

the power Jet, when there was only one control Jet, was far 

less than that when both control Jets were present. Douglas 

and Neve were the first Investigators to report the exist- 

ence of the separated flow In the Interaction region. The 

present Investigation, in which this flow separation region 

was Independently rediscovered. Indicates that this flow 

separation must be included In a successful model of 



Interaction of perpendicular Jets. 

Zalmanzon, Ivanov and Llmonova [6], In 1968, employed 

the complex variable theory for an Ideal fluid to predict 

the angle of deflection of the power Jet by one control jet. 

Their model was not able to calculate the deflection angle 

as a continuous function of the control and power Jet 

velocities. 

Vladlmlrov [7], In 1969, reported the results of a 

theoretical study of Interaction of two gas Jets emerging 

from channels having parallel walls, whose axes form an 

arbitrary angle. The problem was solved by the method of 

Chaplygln. The flow was assumed to be planar, subsonic, 

steady and potential. Both Jets were assumed to have the 

same total pressure. This assumption makes their results 

Inapplicable to fluid amplifier design. 

Gungor [8], also In 1969, performed theoretical and 

experimental Investigation of two plane. Incompressible, 

turbulent, air Jets Impinging at right angle. The angle of 

deflection was calculated theoretically through the applica- 

tion of the free-streamline theory. Channels of parallel 

walls were used for both the power and the control Jets In 

the experimental Investigation. Channel widths were kept 

Identical. The aspect ratio for the power Jet nozzle used 

by Gungor was 8, and the power Jet Reynolds number was 



11,300. The main objectives of Gungor's study were to make 

an analysis of the plane Irrotatlonal and Incompressible 

two-Jet Interaction and to determine experimentally the Jet 

deflection angle and the combined Jet velocity distribu- 

tions. The comparison of the analytical and experimental 

Jet deflection angle shows a reasonably good agreement even 

for large deflection angles (up to approximately 35 degrees). 

The main limitation of the analysis of Gungor lies 1n the 

fact that It Is valid only for the case when both the power 

Jet and the control Jet have the same total pressures. This 

case Is of little Interest In fluldlc applications. 

Weeks [9], also In 1969, made an experimental Investi- 

gation of the Interaction of two perpendicular Incompres- 

sible Jets. The test section used by Weeks was similar to 

that used by Gjngor except that the aspect ratio was 4. 

The power Jet Reynolds number In his tests was 11,140.  In 

Weeks' test, the flow rates of the power Jet were maintained 

constant and the flow rates of the control jet were varied. 

Weeks observed that very near the nozzle exit, the two Jets 

essentially retained their separate Identities. Two veloc- 

ity peaks were observed. At a certain distance from the 

power Jet nozzle exit the two Jets merged, and a single 

symmetrical Jet existed at a distance about 6 times the 

width of the power jet nozzle. Two mixing regions caused 

by the free shear layers at the outer edges of the combined 

. 



Jet were observed.    A third mixing region existed between 

the power and the control  Jets.    The effective pivot point 

was found to be approximately at the Intersection of the 

centerllnes of the power and control  Jet nozzles.    On the 

plot of maximum velocity of the combined Jet versus dis- 

tance. Weeks observed maxima occurring for all   but the 

smallest control  flows.    This was explained as the effect 

of pinching of the power Jet by the control  Jet.    Weeks 

called this the vena contracta effect.    One of the primary 

purposes of the Investigation made by Weeks was  to determine 

If any similarity existed  in the jet  interaction  for similar 

geometries.    To determine this, he compared his centerline 

flow velocity variation with distance,  for the power Jet 

nozzle width of 1/4 of an  inch, with those of Gungor which 

were determined  for the power jet nozzle width of 1/8 of an 

inch.    Weeks concluded that the same general  functional 

relationship exists between the centerline velocity and 

distance in both cases.    The dimensionless centerline veloc- 

ity was found to be a function of the dimensionless distance 

from the nozzle exits and of the control-to-power Jet veloc- 

ity ratio for similar geometries and comparable Reynolds 

numbers. 

In 1970,  Hiriart [10]  Investigated  theoretically and 

experimentally the interaction of power Jet with two control 

Jets.    In his test rig,  the aspect ratio of the exit of the 

8 



power Jet nozzle was 8. The setback and the widths of the 

control nozzles were equal to the width of the power Jet 

nozzle. The angle of deflection,the flow velocity .and tur- 

bulence Intensity distributions were measured. The turbu- 

lence Intensity distribution exhibited four peaks near the 

nozzle exits, two In the outer edges of the combined Jet 

where the Jet mixed with surrounding fluid, and two In the 

regions where the control Jets mixed with the power Jet. 

As the distance Increased from the pivot point, the turbu- 

lence Intensity exhibited a single minimum. Hlrlart found 

that the angle of deflection varied linearly with the nor- 

malized differential control port pressures.  In his analyt- 

ical work, he applied the free-streamline theory to derive 

equations for predicting the angle of deflection. The 

results so obtained were found to be In good agreement with 

those obtained experimentally. The analytical results of 

Hlrlart suffer from the same limitation as those of Vladl- 

mlrov [7] and Gungor [8] In that the total pressures of the 

control port Jets  were  the same as the total pressure of 

the power Jet. 

In 1970, Sarpkaya, Weeks and Hlrlart [11] reported the 

results of theoretical and experimental Investigation on 

the Interaction of a power Jet with a single and with two 

control Jets. This report essentially combines the results 

of the studies of Gungor [8], Weeks [9] and Hlrlart [10] 



made under the guidance of Dr. Sarpkaya. 

Also In 1970, Bourque [12]  studying the Interaction 

of two Jets, proposed a control volume approach using only 

one momentum equation to calculate the angle of deflection 

of the power Jet. The control volume suggested by him Is 

similar to that of Moynlhan and Rellly [3]. This model 

needs Information from experimentally determined pressure 

distributions Inside the nozzles. Unfortunately, such a 

model cannot be generalized to obtain the angle of deflec- 

tion as a function of setback, and control nozzle width. 

Some experimental results were also obtained by Bourque. 

The aspect ratio of the exit of the power Jet nozzle used 

by him was 12 and the width of the control Jet nozzle was 

the same as the width of the power Jet nozzle. It was found 

that the angle of deflection was independent of setback. 

The distance at which symmetry of the combined Jet was ob- 

served was found to be a function of the ratio of control to 

power nozzle total pressure. It Increased from zero for no 

control flow to a maximum of about 16 nozzle widths at pre- 

ssure ratio of 0.4 and subsequently decreased as the press- 

ure ratio Increased further. This finding Is different from 

that of Weeks [9] who observed at all pressure ratios the 

symmetry of the combined Jets at a distance of 6 nozzle 

widths from the nozzle exit. The difference Is probably due to 

the effect of the power Jet nozzle exit aspect ratio. (The 
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power jet nozzle exit aspect ratio In Weeks1 study was 8.) 

In 1971, Türken [13] reported the results of an experi- 

mental Investigation on the Interaction of three Jets. The 

aspect ratio of the power Jet nozzle exit was 2. The width 

of the control Jet nozzle was 2.5 times the width of the 

power Jet nozzle. The setback was equal to the width of the 

power Jet nozzle. Türken observed that, In the range of the 

powejr Jet Reynolds number (based on nozzle width) of 7,887 

to 31,550, the effect of the power Jet Reynolds number on 

the angle of deflection of the power Jet was very small. 

The pressure along the setback walls was observed to be 

nearly constant. The turbulent fluctuation component /ü1" 

was found to be always highest and the component /wT 

was always lowest. Using the experimentally determined 

pressure distributions and the control volume analysis of 

Moynlhan and Reilly [3], Türken calculated the angle of 

deflection and claimed good agreement with experiment. 

In 1972, Sarpkaya [14] reported a momentum analysis of 

three-Jet Interaction by employing two control volumes. By 

assuming certain velocity distributions and by a free- 

streamellne analysis for the contraction of the control jets, 

he obtained an Iterative scheme allowing determination of 

the angle of deflection 1n terms of amplifier geometry and 

the supply pressures of the control and power Jets. However, 

his calculated angle of deflection was compared with only 

one set of experimental data corresponding to one Inter- 

action region geometry. 



" 

In summary, the experimental work Just described shows 

lack of systematic Investigation of the effect of amplifier 

geometry on the angle of deflection. Also, no detailed 

Information about the velocity distribution very near the 

nozzle exits was reported. As far as analytical work aimed 

at prediction of the angle of deflection of the power Jet 

Is concerned, two approaches exist In the literature: one 

uses the theory of complex variables for an Ideal fluid, 

and the other utilizes the control volume approach. The 

complex variable theory for Ideal fluid requires that the 

point where the wall of the power Jet nozzle meets the wall 

of the control Jet nozzle be a stagnation point. This In 

turn requires that the total pressures of the power and 

control Jets be the same (since the static pressure Is 

assumed to be continuous In the flow field). This case Is 

of little Interest In fluldlc applications. The control 

volume analysis Is more useful than the analysis using the 

theory of complex variables since It does not require this 

limitation. However, it cannot predict all the pressure 

forces that are required In calculating the angle of deflec- 

tion of the power jet, and empirical Information Is neces- 

sary. The reported models of the Jet Interaction zone are 

Inadequate because they do not recognize the existence 
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of the separation zone along the setback wall between the 

control and power Jets. 

The objective of the present Investigation was to make 

a systematic study of the effect of the control nozzle width 

and of the setback on the flow field In the Interaction 

region of two perpendicular bounded Jets tested In a rig 

having aspect ratio of two at the power nozzle exit.  In 

addition, It was planned to develop an analytical method, 

based on the Information obtained from the experimental part 

of this study, which would be capable of predicting the 

deflection angle of the power Jet and the combined Jet 

velocity distribution at the location where the potential 

core disappears, as a function of the control nozzle width 

and setback for power Jet nozzle exit aspect ratio of two. 

This method was to be based on the control volume approach 

and was to utilize some empirical Information related to 

the control port width and to the setback. 

3.   DESCRIPTION OF EXPERIMENTAL APPARATUS 

3.1 Test Rig 

Figure 1 shows a sketch of the experimental apparatus. 

Dry and clean air was pumped Into a storage tank where the 

pressure was kept at 62 pslg. Flexible plastic tubes were 
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used In connecting the test section to the storage tank. 

Flow rates were controlled by pressure regulators. 

Two Fox Valve Co. venturl meters were used In deter- 

mining the flow rates. One venturl meter was used for 

measuring the flow rate of the power Jet. It had a throat 

diameter of 0.2260 of an Inch and was expanding to a tube 

of 2 Inches In diameter. The other venturl meter was used 

to measure the flow rate of the control Jet. It had a 

throat diameter of 0.150 of an Inch and was expanding to a 

tube one Inch in diameter. The venturl meters were cali- 

brated using an ASME long radius type nozzle shown In 

Figure 2a. The calibration procedure Is described In 

reference [15]. As Is common In fluldlc applications, the 

power Jet flow Is described by a Reynolds number based on 

the average velocity calculated from flow rate and on the 

width of the power Jet nozzle. Figure 3 shows a plot of 

the Reynolds number defined above versus the pressure drop 

through the venturl meters. 

The stagnation tank for the power Jet was 4 feet long 

and had a diameter of 13 Inches. Two screens and one 

honeycomb were placed Inside the tank as shown In Figure 4 

In order to reduce the turbulence and to distribute the 

flow uniformly before It arrived at the test section. The 

stagnation tank of the control Jet was one foot long and 

six Inches In diameter.  It also had a honeycomb Inside. 

14 



3.2 Test Section 

Figure 5 shows a sketch of the test section. The orig- 

inal design included two control Jets and the receivers. 

However, the present Investigation was limited to the Inter- 

action of a power Jet with one control Jet without the 

presence of the receivers. The power and control Jet noz- 

zles were bounded by two side plates. All parts of the 

test section were made of plexiglass. The thickness of the 

sandwiched pieces was 0.8 Inch. The width of the power Jet 

nozzle exit was 0.4 Inch. Thus the aspect ratio of the 

power Jet nozzle exit In the present Investigation was 2. 

The detailed dimensions of the power Jet nozzle and of the 

control Jet nozzle are shown In Figures 6 and 7 respectively. 

The test section was so designed that by removing a 

piece of the plexiglass between the power and the control 

nozzles, the control nozzle could be made to be Inclined at 

an angle of 60 degrees with respect to the power nozzle 

axis. The control nozzle setback could be varied by using 

different plexiglass pieces that formed the control nozzle. 

The width of the control Jet nozzle could also be varied. 

Three pressure taps were drilled near the exit of the 

control Jet as shown In Figure 8. One pressure tap was 

also made In the power Jet nozzle and one in the control 

Jet nozzle in order to measure the supply pressures of the 

two Jets. 
15 



3.3 Traversing Mechanism 

Figure 2b shows a photograph of the traversing mecha- 

nism. This mechanism was designed for traversing hot wire 

or total pressure probes In three mutually perpendicular 

directions. The definitions of coordinates x» y. and z are 

given In Figure 9. Two micrometers were used to traverse 

the probes In the y and z directions respectively. The dis- 

tances traveled by the micrometers were recorded by an X-Y 

recorder through a linear position potentiometer. The trav- 

ersing mechanism could slide horizontally In the x direction 

on two 12-Inch long arms. The two arms could also be made 

to slide on two circular slots and thus could make the probe 

aligned at right angle to the direction of the deflected 

Jet. The traversing mechanism was placed on top of the test 

section. 

3.4 Experimental Equipment 

DISA 55D01 hot wire anemometer and 55D10 llnearlzer 

were used In measuring the velocity profiles. DISA 55D35 

RMS unit was used in measuring the turbulent fluctuations. 

The detailed operation and calibration procedure can be 

found in the Instruction and service manual supplied by 

DISA. Two types of miniature probes, shown in Figure 10, 

were supplied by DISA. One was the 55F31 straight general- 

purpose type and the other was the 55F35 right angle type. 
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The wire length W9S 1.25 mm and the wire diameter was 5 um 

for both types. 

Figure 11 shows a sketch of the total pressure probe 

used In preliminary testing. Model CD12 pressure transducer 

Indicator and model DP15 pressure transducer supplied by 

Valldyne Engineering Corp. were used In measuring the total 

pressure distributions. 

Figure 12 shows a photograph of the test section, 

traversing mechanism and of the equipment used In the pres- 

ent Investigation. 

3.5 Experimental Procedures 

Before running each test, the barometric pressure and 

the atmospheric temperature were recorded. (The temperature 

of the laboratory was always between 70 and 75 degrees Fahr- 

enheit.) Also, the cold resistance of the hot wire probe 

was checked. 

The velocity distributions measured by the hot wire 

equipment were recorded on an X-Y recorder In the following 

manner. The output from the hot wire anemometer after going 

through a llnearlzer was received by one of the Inputs of 

the X-Y recorder. The other Input of the X-Y recorder re- 

ceived signal from the linear position potentiometer. Thus, 

the output from the X-Y recorder gave a plot of the velocity 
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versus the distance traveled by the probe. 

The total pressure distributions were determined In a 

similar way. The output from the transducer Indicator 

rather than that of the llnearlzer went to the X-Y recorder. 

The X-Y recorder then gave a plot of the total pressure 

versus the distance traveled by the probe. 

For each test, the pressure drop through the venturl 

meters was recorded. The upstream pressure In the power and 

the control Jet nozzles as well as the pressure distribu- 

tions along the setback wall of the control Jet were meas- 

ured by inclined manometers of different ranges. The finest 

Increment on these manometers was 0.01 Inch of water. 

4.  EXPERIMENTAL RESULTS 

4.1 Preliminary Test on Power Jet Alone 

The coordinate system used In the present Investigation 

Is shown In Figure 9. The mldplane was defined as the plane 

midway between the two bounding plates, that Is, the plane 

corresponding to z ■ 0. The centerplane was defined as the 

plane midway between the two plexiglass pieces that formed 

the power Jet nozzle, that Is, the plane corresponding to 

y* O.Sw. Figures 13 to 18 show the total pressure varia- 

tions with distance between the two bounding side plates. 
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Figure 19 shows the velocity profile obtained by using the 

hot wire. The results show that there Is a big dip near the 

corner and a smaller dip near the mldplane for all the pro- 

files. This nonunlformlty of total pressure and velocity 

was observed previously In an Investigation of rectangular 

nozzles described In references [16], [17] and [18].  In 

order to reduce this nonunlformlty, a flow stralghtener was 

Inserted In the power jet nozzle as shown In Figure 5. 

Figure 20 shows the velocity distribution with flow 

stralghtener In the power Jet nozzle. As expected In view 

of the previous studies on the planar nozzles, the dip near 

the mldplane was eliminated by the flow stralghtener but the 

corner dip still existed. This Is so because the corner dip 

Is caused by the contraction of nozzle after the flow 

stralghtener while the dip near the mldplane Is caused by 

the transition from a circular to a rectangular duct at the 

nozzle Inlet. A detailed explanation of this effect Is 

described In references [16] to [18].  In the present Inves- 

tigation of the two-Jet Interaction process, flow stralght- 

eners were placed Inside both the power and the control Jet 

nozzles. 

Velocity distributions across the power Jet at mldplane 

for different distances downstream from the nozzle exit are 

shown In Figure 21. A plot of the maximum Jet velocity 

versus distance downstream from the nozzle exit Is shown In 
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Figure 22. The location where the potential core disappears 

Is at a distance of approximately 4.5w downstream from the 

nozzle exit. This Is In agreement with the results obtained 

by Trapanl [19] In an Investigation of bounded Jets of low 

aspect ratios. 

The experimental results which follow are for the two 

jet Interaction. The velocity profiles were measured at 

mldplane. Only absolute velocities were measured and no 

effort was made to determine the components of the flow 

velocities. The definition of the coordinate system used 

in the present Investigation was shown In Figure 9. 

4.2 Angles of Deflection and the Pivot Points 

The angles of deflection of the power Jet, a, were 

determined from velocity profiles by connecting the points 

of maximum velocity at different locations downstream from 

the nozzle exit. Figures 23 to 26 show some typical exam- 

ples of how angle a  was determined. The pivot point was 

defined as the point of Intersection of the centerllne of 

the power jet nozzle with the line connecting the locations 

of the maximum jet velocities. It was found that for 

wc/w ■ 1• the pivot points were at the Intersection of the 

centerllne of the power jet nozzle with that of the control 

jet nozzle. This Is In agreement with the findings of 

Moynlhan and Rellly [3] and Weeks [9]. However, this Is not 
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so for w /w ■ 1/2. For example, It was found that for the 

case of s/w ■ 1/2 and wr/w • 1/2, xn/w ■ w./w ■ 1/2 

gives the best fit of experimental points. For the case of 

s/w ■ 1 and wc/w ■ 1/2, the values of x /w were found to 

be scattered between 1.5 and 3. Table 1 summarizes the 

experimental values of the dlmenslonless pivot point coordi- 

nate x /w. 

Table 1. Experimental values of the 

dlmenslonless pivot point coordinate x /w 

c/\ 

1 1 

1 0.5 0.5 

1 1.5-3.0 0.5 

Figure 27 shows the experimentally determined values of 

the angle of deflection of the power jet a for various 

values of the setback, width of the control Jet nozzle, and 

dlmenslonless pressure Tr2 » (Ptc"Pa^Pts",V at power Jet 

Reynolds number Re,. = 20,000. It shows that, In the range 

tested, the angle of deflection a varies very slightly with 
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the setback (which confirms the results of Bourque [12]) and 

Increases with the width of the control Jet nozzle. The 

angle of deflection also Increases linearly with the dltnen- 

slonless pressure ir2.  Figure 28 shows that the angle of 

deflection Is Independent of the power Jet Reynolds numbers 

In the range between 12,800 and 20,000. Figure 29 shows a 

comparison of the angle of deflection a for the control Jet 

Inclined at angle of 60 degrees with respect to the power 

Jet with that for the control Jet Inclined at angle of 90 

degrees to the power Jet. It shows that the control Jet 

deflects the power Jet less when the angle between the two 

Jets Is decreased. 

4.3 Velocity Distributions and Turbulence Intensities 

Figures 30 to 39 show the velocity distributions and 

turbulencelntensltles across the deflected Jets In the direc- 

tion perpendicular to the direction of flow, that 1s, at 

angle a to the power Jet nozzle axis, at various distances 

downstream from the pivot point. These traverses correspond 

to the dlmenslonless control nozzle width w./w ■ 1, and the 

dlmenslonless setback s/w»! and to the power Jet Reynolds 

number Rew ■ 20,000. Similar velocity plots for wc/w ■ 1/2, 

s/w ■ 1, for w^/w » 1, s/w ■ 1/2, and for w./w ■ 1/2, 

s/w = 1/2 were also obtained but are not Included In this 

report. The velocity and the RMS values of the turbulent 

22 



velocity fluctuations were normalized with respect to the 

maximum velocity at r/w ■ 1. The definition of the coordi- 

nates r and d are shown In Figure 9. At r/w ■ 1, the two 

Jets are still distinguishable on the velocity distribution 

plots. The RMS profile shows three peaks which represent 

three mixing regions, two of them on the outer edges of the 

combined Jet where the surrounding fluid Is being entrained 

and the third one between the two Jets. Qualitatively» 

turbulence intensity Increases with Increasing velocity gra- 

dient. The two peaks on the control Jet side In the RMS 

profile begin to merge Into one as the combined Jet moves 

farther downstream and become undlstlngulshable at r/w * 4. 

Symmetry of the RMS profile Is not reached until r/w « 9. 

The magnitude of the RMS value does not exceed 15 percent 

of the maximum velocity at r/w -  1. The values of the RMS 

In the valleys between the peaks gradually approach this 

limiting value as r/w Increases. 

The traverses show that the power Jet absorbs the con- 

trol Jet In a relatively short distance and that the veloc- 

ity profiles become more and more symmetrical as the com- 

bined Jet moves away from the pivot point. 

The above description corresponds to one particular 

geometry (w./w ■ 1. s/w ■ 1) and to one value of dimension- 

less pressure T^. The location where the two peaks In the 

RMS profile near the control Jet become one and the location 
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where the velocity profile becomes symmetrical depend on the 

values of the dlmenslonless parameters w /w, s/w and TT^. 

Figures 40 to 49 show the results for a different value of 

the dlmenslonless pressure n2 and a different power Jet 

Reynolds number, Re ■ 12,800. These results are quallta- 

tlvely similar to those shown In Figures 30 to 39 which 

correspond to Rew » 20,000. 

4.4 Velocity Distributions Near Nozzle Exits 

Figures 50 to 53 show the velocity distributions close 

to the exit of the power Jet nozzle. These profiles were 

obtained by traversing across the power Jet nozzle and Into 

the control Jet nozzle. The power Jet Is located approxi- 

mately between 0 < y/w < 1. The velocity across the power 

Jet nozzle Is not uniform, being lower on the control Jet 

side. This means that the static pressure across the power 

Jet Is not uniform since the total pressure upstream In the 

nozzle Is uniform. Since the power Jet deflects only 

through a small angle (In the present Investigation, the 

maximum angle of deflection obtained was about 16 degrees), 

the pressure at the nozzle exit on the side where the power 

Jet Is free to entrain the surrounding fluid should be 

nearly equal to the atmospheric pressure. Therefore the 

pressure must be higher than atmospheric pressure on the 

control Jet side at the exit of the power Jet nozzle. This 
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pressure difference Increases with Increasing dlmenslonless 

control supply pressure t«. That this Is so can be seen by 

comparing Figure 50 with Figure 54. 

In Figure 50, the velocity drops suddenly from a level 

of the power Jet velocity to nearly zero as the probe passes 

through the edge of the power jet nozzle and begins to enter 

Into the region In the vicinity of the setback wall of the 

control Jet nozzle. The zone of low velocity continues for 

some distance. Then the flow velocity starts to Increase 

sharply until a constant velocity Is reached. The length of 

the low velocity zone decreases as the value of the coordi- 

nate x/w Increases. The above description Indicates that 

the control jet separates from the setback wall as shown In 

Figure 9. A plot of constant velocity lines In the Jet 

Interaction region Is shown In Figure 55. It shows that the 

control Jet begins to turn before It comes Into contact with 

the power Jet. The power jet and the control jet do not 

meet each other until the power Jet has traveled a certain 

distance from the exit of the power Jet nozzle. Before this 

distance, the deflection of the power Jet Is due entirely to 

the pressure difference existing across the power jet. 

After the two jets meet, the pressure difference across the 

power Jet as well as the momentum of the rapidly turning 

control jet contribute to the deflection of the power Jet. 

Figures 50 to 53 also show that the flow Is more 
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turbulent In the separated flow zone than In either the 

power Jet or In the control Jet. 

Another Important observation which follows from this 

study Is that the velocity distribution across the control 

Jet nozzle Is very nonunlform. Figure 55 shows that the 

velocity Is low near the Inner wall (setback wall) and It 

Increases towards the outer wall of the control Jet nozzle. 

This Implies that there Is a pressure difference across the 

control Jet at the nozzle exit. 

4.5 Location of Separation Point and Pressure Distribution 

In the Separated Flow Zone 

The distance h that specifies the location of the 

separation point of the control Jet from the setback wall 

(see Figure 9) depends on the width of the control Jet 

nozzle wc, the setback s »and the supply pressure of the 

control Jet. The values of h could not be determined very 

accurately In the present Investigation because the hot wire 

probe could not be brought to the Immediate vicinity of the 

wall. The closest distance from the wall at which the hot 

wire could be located was 0.05 of an Inch. The distance h 

was estimated from the plots of constant velocity lines such 

as the one shown In Figure 55. 

The experimental results show that the distance h 

depends on the width of the control Jet nozzle wc and the 
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setback s. They also show that the distance h has a tend- 

ency to decrease only very slightly with Increase of the 

supply pressure of the control jet n.  Within the accuracy 

of the present test, the values of the separation distance 

h were obtained as a function of wc and s only, and the 

slight dependence on TT2 was Ignored. Table 2  gives the 

estimated values of the separation distance h made dimen- 

slonless by division by the power nozzle width w for vari- 

ous values of the dlmenslonless width of the control jet 

nozzle w./w and setback s/w. 

Table 2. Experimentally-determined values 
of the dlmenslonless separation distance h/w 

1 1/2 

1 0.3 0.6 

1/2 -0.1 0 

The results are also plotted In Figure 56. 

The pressure variation along the setback wall In the 

separated flow zone Is shown In Figures 57 to 60. For 
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wc/w * 1, the pressure remains nearly constant along the 

setback wall for all values of the dlmenslonless pressure 

iTg. For wc/w ■ 1/2, the pressure also remains essentially 

constant along the setback wall except for large values of 

TTg at which It varies slightly because the lower pressure 

tap or taps measure then the control Jet pressure and not 

the pressure In the separation region. The finding that the 

pressure Is uniform along the setback wall of the control 

Jet nozzle Is not surprising In view of the fact that a 

separated flow zone exists along that wall. Similar results 

(constant pressure along the setback wall) were reported by 

Moynlhan and Rellly [3] and Türken [13]. However, they were 

not aware of the existence of the separated flow zone there. 

4.6 Effect of the Control Flow on the Power Jet Nozzle Flow 

Figures 61 to 64 show the plots of the maximum Jet 

velocity versus the distance from the pivot point. The 

maximum velocities are normalized with respect to the veloc- 

ity U at the exit of the power Jet nozzle when the control 

Jet Is absent. They show that the maximum velocity In- 

creases with the dlmenslonless pressure T^. The pressure 

In the power Jet nozzle also Increases with T^ as shown In 

Figure 65 while the flow rate of the power Jet remains un- 

changed as Indicated by the reading of the venturl meter. 

To explain this phenomenon, let us go back to Figure 54 
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which shows the velocity distribution across the power Jet 

nozzle. The velocity on the free side of the power Jet Is 

higher than U0 and the velocity on the control Jet side Is 

lower than U0. The loss of the mass flow In the lower 

velocity zone Is compensated by the extra mass flow In the 

higher velocity zone and thus the flow rate of the power jet 

Is constant, that is. It Is the same as the flow rate of the 

power jet without the presence of the control jet.  As ex- 

plained before, since the pressure on the free side of the 

power jet Is nearly atmospheric, the higher power Jet veloc- 

ity must result from an increase In the total pressure up- 

stream In the nozzle. That Is. the total pressure of the 

power Jet with the presence of the control jet Is higher 

than that of the power jet alone for a constant flow rate 

of the power jet.  Figures 66 to 69 show comparisons between 

the measured Increase In the total pressure In the power jet 

nozzle and the Increase In the maximum velocity near the 

exit of the power jet. The dlmenslonless pressure TT^ 

matches the maximum jet velocity very well and thus Indi- 

cates the correspondence between the Increase In the maximum 

combined jet velocity um,„ shown In Figures 61 to 64 and max 

that of the total pressure in the power jet nozzle. 

The reason why the flow rate of the power jet remains 

constant while the downstream condition at the exit of the 

power Jet nozzle Is changed by the control jet flow Is as 
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follows. The flow rate of the power Jet Is measured by a 

venturl meter which has a form of a convergent-divergent 

nozzle. Figure 70 shows the performance curves of a 

convergent-divergent nozzle for a one-dimensional steady 

flow. The area ratio A/A of the venturl meter for the 

power Jet Is close to 80. With this area ratio. It follows 

from the tables of reference [20] that 

(jr-)   '  0.9999  and ("pr-)   '  0.0003503 
3 8 

for a gas having specific heat ratio y  ■ 1.4. In view of 

the above values and Figure 70, one can see that the venturl 

meter Is operating between point 3 and point 8 because 

(P/PtR)  Is very close to unity and (p/PtR)fl ** very close 

to zero. One can also calculate (P/P+R)- corresponding to 

a normal shock wave at nozzle exit which In the present case 

1s equal to 0.0177 and Is also very small. One can conclude 

that In the tests run In this Investigation, the venturl was 

operating between point 3 and point 5 In Figure 70. From 

the mass flow diagram, one can see that the mass flow rate 

Is constant from point 3 on. Therefore,In the tests the 

flow In the venturl meter was choked with a shock wave In 

the divergent part of the venturl meter. The location of 

the shock wave depends on the back pressure at nozzle exit 

of the venturl meter which In turn depends on the conditions 

downstream at the exit of the power Jet nozzle. And so In 
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the tests performed the flow rate of the power Jet was con- 

stant and was Independent of the conditions at the exit of 

the power Jet nozzle as long as the conditions upstream of 

the venturl meter were not changed. 

4.7 Decay of the Maximum Combined Jet Velocity 

From Figures 61 to 64, It Is clear that the dimension- 

less parameter urnax/U0 depends on ir^. If u       Is normalized 

by the maximum velocity V of the potential core of the com- 

bined Jet (which varies with IT2), then the relationship 

becomes Independent of T^ as shown In Figures 71 to 74. 

Figures 71 to 74 show the decay of the maximum combined 

Jet velocity at various distances from the pivot point. 

From these figures one can conclude that the potential core 

of the combined Jet disappears at r/w • 4 for 0 < TT* < 0.4. 

The same result was obtained In the test of the power Jet 

alone where It was found that the potential core disappears 

at x/w » 4.5. 

In Figures 61 to 64, the dlmenslonless parameter 

u«.„/UÄ shows a slight variation from r/w » 0 to r/w ■ 4. max o 
To explain this, one must look at the velocity distributions 

across the power Jet at small values of the coordinate r/w, 

like those shown In Figures 75 to 78. Very close to the 

nozzle exit, say at r/w * 0, the maximum velocity Is near 
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the edge of the power Jet where It expands to atmospheric 

pressure (free side of the power Jet). The velocity de- 

creases across the power Jet towards the control Jet while 

the nozzle exit pressure Increases towards the control Jet. 

As the Jet moves downstream, the part of the power Jet whose 

pressure Is higher than atmospheric continues to expand; 

therefore the velocity In that region Increases. The veloc- 

ity on the free side of the power Jet decreases slightly due 

to the mixing with the surrounding fluid. At some distance 

downstream, say r/w ■ 1, the maximum velocity still occurs 

on the free side of the power Jet, but there Is a slight 

decrease In the magnitude of the velocity due to entraln- 

ment. The power Jet velocity at locations away from the 

free side has not yet reached Its maximum value because the 

pressure there Is still higher than atmospheric. This situ- 

ation corresponds to the small dip at r/w « 1 visible In 

Figures 61 to 64. As the power Jet moves farther down- 

stream, the velocity of its core tends to become uniform 

due to pressure equalization while at the same time It con- 

tinues to entrain surrounding fluid from the free side and 

to mix with the control Jet on the other side. For all 

geometries and all values of TU In the present tests, the 

value of r/w where the velocity of the core of the power 

Jet becomes uniform was found to lie between 2 and 2.25. 

There the pressure distribution across the Jet should be 

everywhere uniform and equal to the atmospheric pressure. 
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The local Increase In the maximum power Jet velocity 

due to the Increase In the control Jet flow was also re- 

ported by Weeks [9] and Sarpkaya et al [11]. In their 

Investigations, the flow rate of the power Jet was also 

constant while the flow rate of the control Jet was varied. 

The Increase In the total pressure In the power Jet nozzle 

was not reported In their Investigations. Weeks, and Sarp- 

kaya et al. Interpreted the Increase In the maximum power 

Jet velocity by the effect of pinching (or vena-contracta) 

on the power Jet caused by the momentum of the control Jet 

In Its Initial direction. 

The location of the vena-contracta reported by Weeks 

[9] and Sarpkaya et al [11] coincides with the location 

where. In the present tests, the flow velocity In the core 

equalizes thus Indicating that the pressure across the Jet 

Is uniform and equal to the atmospheric pressure. 

4.8 Summary of the Experimental Results 

A.  Secondary flows were observed to exist In the power Jet 

nozzle tested without a flow stralghtener and the flow 

was highly nonunlform at the nozzle exit. With the 

flow stralghtener Inside the power Jet nozzle, the 

velocity and total pressure profiles were uniform 

everywhere at the nozzle exit except near the corners. 
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B. The angle of deflection of the power Jet by a control 

Jet was determined. The values of the angle of deflec- 

tion were obtained by connecting the point of maximum 

combined Jet velocity at different distances from the 

pivot point. The location of the pivot point was found 

to depend on the setback and on the width of the con- 

trol Jet nozzle. 

C. The angle of deflection was found to vary only slightly 

with setback and to Increase with the width of the con- 

trol Jet nozzle. It was found that the angle of de- 

flection Increases linearly with the dlmenslonless 

control Jet supply pressure T^ and Is Independent of 

the power Jet Reynolds number Rew In the range between 

12.800 and 20,000. It was also found that the angle of 

deflection decreases with decrease of the angle between 

the power Jet and the control Jet. 

D. Three mixing regions were observed, one on the free 

side of the power Jet. one on the free side of the con- 

trol Jet and one between the two Jets. 

E. The velocity profile of the combined Jet was observed 

to become progressively more symmetrical with distance 

from the exit of the power Jet nozzle. 

F.  The velocity profile, and therefore also the pressure 

distribution, were not uniform at the exits of both 
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the power Jet nozzle and the control Jet nozzle. 

G.  Control Jet was observed to separate from the setback 

wall of the control Jet nozzle. Thereforeithe two Jets 

do not meet until a certain distance downstream from 

the exit of the power Jet nozzle. 

H.  The location of separation on the setback wall was 

found to depend on the setback and width of the control 

Jet nozzle and only very slightly on the dltnenslonless 

pressure T^. 

I.  The pressure In the separated flow zone was observed to 

be nearly constant and was found to depend on the set- 

back, the width of the control Jet nozzle,and on the 

dlmenslonless pressure t«« 

J.  The maximum velocity of the combined Jet and the total 

pressure of the power Jet were found to Increase with 

Increasing dlmenslonless pressure TT2 in tests In which 

the mass flow rate of the power Jet was kept constant. 

As expected, the dlmenslonless quantity ir^ Is very 

nearly equal to the dlmenslonless maximum Jet 

velocltv u  /U . vc   ^ max' o 

K.  The flow rate of the power Jet was Independent of the 

conditions downstream at the nozzle exit because the 

flow was choked in the venturl meter. 
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L.      For the power Jet nozzle exit aspect ratio of 2, the 

potential  cores of the combined Jet and of the single 

power Jet were found to disappear at a distance from 

the exit of the power Jet of approximately 4.5 widths 

of the power Jet nozzle for all  values of setback, 

width of control  Jet nozzle,and the dlmenslonless 

pressure TTJ. 

M.      For the power Jet nozzle exit aspect ratio of 2. the 

core velocity (and therefore also the pressure) of the 

combined Jet was found to become uniform across the 

Jet at a distance of 2 to 2.25 power Jet nozzle widths 

downstream from the exit of the power Jet nozzle. 

Table 3 gives the experimental  variables covered In 

the present Investigation. 

Table 3.    Variables studied in the present Investigation 
for Re    » 20,000,    6 ■  90°    and    0 < n2 < 0.4 

\vw 
wcX 

1 J 

1 
pressure distri- 

ct,h, butlons along 
setback wall 

pressure distrt- 
a,h,  butlons along 

setback wall 

1 
2 

pressure dlstrl- 
a,h,  butlons along 

setback wall 

pressure distri- 
ct^, butlons along 

setback wall 

36 



The power Jet deflection angles & were also measured for 

w./w ■ 1, s/w»!, $"90° and Re« 12,800 and for w./w»!, c w c 

s/w ■!, 3 "60° and Re « 20,000. Velocity distributions were 

measured at locations corresponding to 0 < x/w < 14. 

5.  CONTROL VOLUME ANALYSIS 

The analysis described In this section Is based on the 

assumptions that the flow Is two-dimensional and Incompres- 

sible. The main objective was to obtain the angle of 

deflection of the power jet as a function of amplifier geom- 

etry and supply pressures of the control and the power jets. 

5.1 Ideal Fluid Model 

Figure 79 shows the definitions of the symbols used in 

this model. Two control volumes are used In this model. 

One Is the volume ABCDEFGA shown In Figure 79 which Includes 

both the power and the control jets. The line CDE Is perpen- 

dicular to the coordinate axis r and Is located at a posi- 

tion where pressure across the jets Is uniform and equal to 

the atmospheric pressure. The following additional assump- 

tions are made: 

A.  The flow Is invlscld; as a result, the entralnment of 

fluid on the outer edges of the combined Jet and the 
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mixing between the power and the control Jets are 

neglected. 

B.  Atmospheric pressure, P., acts on the free sides of the 

Jets and at section CDE. That Is, 

PBC " PCD ' PDE ' PEF ' Pa ' 

C.  Pressure distributions across the power Jet (along AS), 

along the setback wall A6 and across the control Jet 

(along GF) are assumed to be linear, and given by 

equations 

"AG- P. ' 'ptc-pa' + 'Vtc"1 +s^)    '2' 

PSF-P. ' 'Ptc-,,.'(1 -5;) (3) 

where P. Is the unknown pressure at point A. Since the 

total pressure losses are neglected, the following 

relations hold: 

VAB-[|(PtS-
PAB)],/2 

1/Z 
' <f [(pts-p.'  "  (PA-P,"'  -i") '4' 

VGF-[f ""tc-^F']1'2 

■ ff c(ptc-p,) ■ <ptc-p.>" -ffcm
1/2 

-cf'ptc-p.'äci
,/2 '5' 
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VDE ■ Cf ^tc - Pa»1/2 

(6) 

(7) 

The velocities VAB and VGp are assumed to be In the x 

and y direction respectively. The velocities VCD and 

VQE are assumed to be Inclined at angle a with respect 

to the horizontal axis. 

The continuity equations for the power jet and the 

control jet are: 

w 

P   VABdy - p 

0 0 

r1 
(8) 

and 

p j       VGFdx  "   P |      VDEdT1 (9) 

where C and n are dummy variables. Momentum equations for 

the control volume ABCDEFGA In the x-dlrectlon and In the 

y-dlrectlon can be written as 

w w, w2 
f  2      f   2 f   2 

P   VABdy + p J  VCDcosadC + P J  VDEcosadn 

w. 

'I ^AB-P.^ + 1   ^PAG-Pa^- j ^P6F-Pa)e 
0 - s+h) 0 c 

dx 

(10) 
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and 

p   V-.slnadC ♦ p   V^stnodn - P J  Vgpdx 
0 o 

w 
G 

GF  ra 
C(Pftr - Pjdx (ID 

0 

Substituting equations (1) through (7) Into equations (8) to 

(11) gives 

w,  2 [1 - (1 -T,)372] 

^•f^ (13) 

-2 ♦ 2 ^-cosa + Cl- (^)]^= ^(^^cosa+^f) 

(14) 

and 

where 

2!lepS0. ,.2!is1na + f^)n2 (15) 

',•^7^ (16, 

IT ■ /A I U (17) 
J  Kts  Ka 

The second control volume chosen Is volume ABCDJA 
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which Involves only the power Jet. The following additional 

assumptions are made for this second control volume: 

0.  The power Jet begins to turn at point A with a constant 

radius R until It reaches point J (see Figure 79). 

From point J on, the power Jet does not change Its 

direction and moves along a straight Mne (line JD In 

Figure 79). 

E.  The static pressure varies linearly along AJD from P. 

to P., and therefore 
a 

PAJ- Pa  '  ^A-Pa)n   ' wh^ 

PJD-Paa  <PA-Pani  ' tH^ 

(18) 

(19) 

where a Is the angle of deflection of the power Jet at 

any point between A and J and c Is the dummy variable 

along JO. 

The momentum equations In the x and y directions for 

the control volume ABCDJA are: 

I -P J VABdy ♦ p 

0 0 
J  VCDcosadC 

j ^AB-V^ - j (PAj-Pa)s1ne(Rde) - f (PJD.Pa)s1nad; 

0 0 0 

(20) 
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'"'"" "■ ■Il-1 ••■ 

and 

Wi 

p |    V^slnadC - J   (PAJ-Pa)cose(Rde) | ^JD-Pa)cosad; 

0 

(21) 

Substituting equations  (1).   (4),   (6).   (18)  and  (19)   Into 

equation  (20)  and equations   (6).   (18)  and  (19)  Into equation 

(21)  gives 

^(slna - acosa) wl 
2+2-7 cosa s 3      R w 

T " w "3 1   - cosa w 
TTTT 

w        w 

(22) 

and 

Jir5,"^3S slna 

N 

^(cosa + aslna - 1) w 
TTTT 
w       w 

Tr3coso(j) 
(23) 

79 

Two geometrical  relations can be obtained from Figure 

w 

1+ wsina a 1 ~jr cosa + w sina + 5(1 ■cosa)   (24) 

•# + w cosa + 1 if sina a w cosa + w s1na    (25) 
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Equations (12) through (15) and equations (22) through 

(25) form a system of eight equations for the nine unknowns 

oit W3. h/w, w^w, Wg/w, x /w, R/w, T/w and N/w. The addi- 

tional equation used In solving this system of equations Is 

x /w > 0.5. (The reason for choosing this value Is given 

In Appendix A.) The nine equations were solved on the com- 

puter by using a program called LOPER [21] supplied by the 

library of the Lehlgh University Computer Center. The 

results and comparisons with experimental results are de- 

scribed In Section 6. 

5.2 Real Fluid Model 

In this model only one control volume, which Includes 

both the power and the control jets, Is used. Referring to 

Figure 80, volume ABCEF6A Is employed as the control vol- 

ume. The section CE Is at a location where the potential 

core of the combined Jet disappears. According to the 

results described In Sections 3.1 and 3.7, the distance from 

the power nozzle exit to the location where the potential 

cores of the power Jet with and without the control Jet 

disappear Is approximately 4.5w for the power Jet Reynolds 

numbers (RO equal to 20,000 and 12,800 and for the aspect 

ratio of the power Jet nozzle exit of 2. The velocity dis- 

tribution of the combined Jet has a maximum at section CE. 

On the free side of the power Jet the velocity distribution 
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Is expected to be approximately like that of a free Jet 

provided that the angle of deflection of the power Jet Is 

small. Slmson [22] developed an empirical relation for the 

velocity profile of a two-dimensional free Jet that can be 

used both In the transition region and In the fully devel- 

oped region. A sketch of Slmson's notation Is shown In 

Figure 81 and the empirical relation for the velocity pro- 

file 1s 

-;■ 

[ kx ' 

M' 
,,2 

(26) 

with k « 1.378 w/x0 and M • 1.75.  In equation (26), Vi 

Is the centerllne velocity, y Is the effective value of the 

coordinate y for the transition zone and the actual value of 

y in the fully developed zone, and x 1s the distance down- 

stream from the nozzle exit. 

Slmson's profile of a two-dimensional free Jet requires 

that the half-width of the Jet at the location where the 

potential core disappears be equal to 1.378 w. The experi- 

mental result of the present Investigation with an aspect 

ratio of the power Jet nozzle exit of 2 and the power Jet 

Reynolds number of 20,000 shows that the half-width of the 

power Jet Is approximately equal to 1.75 w at the location 

where the potential core disappears. If 1.75 w Is used as 

the half-width of the free Jet at x0, then the constant M 
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In equation (26) has to change to another value. Since the 

momentum Is conserved, then 

1.75w/x0 o 
/       V2dy 

J . _g  
ü"  2  
o       u w 

o 

(27) 

where J Is the momentum of the jet at x,, and JÄ Is the mo- oo 
mentum of the free Jet at the exit of the nozzle. Equation 

(27) gives M ■ 1.3615 (the numerical calculations are given 

In Appendix B). If V* denotes the Jet velocity correspond- 

ing to the free-side portion of the power Jet, then 

vl 
V7 1 - (^) 

1.3615 

] (28) 

where V0 Is the maximum potential core velocity of the com- 

bined Jet,  z1   Is a dummy variable and Y - 1.75 w   Is the 

part-width of the combined Jet on the free side as  shown In 

Figure 80. 

The velocity at section CE on the control  jet side of 

the combined Jet Is denoted by V2.     Its variation across the 

Jet Is assumed to be In the same form as that of velocity 

V1.    That  Is 

,,.   1.361512 

(V) (29) V V 1 

where z"  Is a dummy variable and Z  Is the unknown part-width 
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of the combined Jet as shown In Figure 80. 

The following expressions for the pressure distribution 

and flow speeds are used: 

"AB - 'a ■ 'W" - !?> (30) 

PAG " "a ""c - "a O" 

•V - P. ' ('c ■',)(' - #-> (32) c 

VAB ■ C| (pts ■ PAB»'/2 

■ ^|f(pts■,,.) - ('«•%)(' -ä?n)'/2    (33) 

VGF • t| (Pte - P6F)]'
/2 

■ (|[(Ptc-Pa) - (pc-pa)(' - ST)»1'2  (34) 

where P Is the constant pressure along the setback wall In 

the separated flow zone. 

The maximum velocity of the potential core of the com- 

bined Jet. V0, is related to the supply pressure of the 

power Jet by the following equation, 

vo ■ tf ("ts ■ P.)J,/2 (35) 

Equation  (35)  Is employed here In view of the finding that 

the maximum velocity of the combined Jet Increases with 
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Increasing control Jet supply pressure due to the corre- 

sponding Increase of the supply pressure of the power Jet. 

This effect was described In Section 4.6. 

The momentum equatl.ns In the x and y directions for 

the control volume ABCEFGA are, 

w Y Z 
- p j VABdy + pcosu j V^z' + pcoso j Vgdz" 

0  "        0 0 

w 0 wc 

"j ^AB-Pa)dy + |   (pAG-pa)dy "j ^GF-pa)jrdx 

0 -(s+h) 0        c 

(36) 

and 

Y Z wc 

pslna  j    vfdz'  + pslna  [    Vgdz"  -  p  j      VgFdx 

0 0 0 

wc 

|    (PGF " Pa)dx (37) 

The continuity equation Is 

wc 
P |    VABdy ♦ p |      VGFdx ♦  p(E1+E2) 

.Y z 

vldz'   + P  j 
"0 0 

T L 

p j    V^z'   + p  j     V2dz" (38) 
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where E, and E« ere the volumetric entralnment rates on the 

free side and control jet side of the combined Jet. 

The volumetric flow for a free jet using equation (26) 

with M » 1.3615 Is given by 

- 1 + 0.47588 (39) 

(Detailed calculations are given In Appendix B.) The volu- 

metric entralnment rate Is therefore given by 

Q - Q = 0.47588 f-  Q0 
o 

(40) 

At x ■ x0, 

E - 0.47588 Q# (41) 

where Q Is the volumetric flow rate of the jet leaving the 

nozzle and Q Is that of the jet at any location x In the 

transition zone. In the present model, the following rela- 

tion Is assumed for the entralnment rate on the free power 

jet side of the combined jet at the location where the 

potential core disappears, 

1 (^)(0.47588) 

w 

vABdy (42) 

The expression for the entralnment rate on the control jet 

side of the combined jet at the location where the potential 

core disappears Is assumed to be In the following form: 
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E2 -  (^)(0.47588)(-T1F^)K1(        VABdy .  I       V6Fdx ) 

0 0 

(43) 

where K1  Is an entralntnent coefficient to be calculated 

using experimental  data. 

Substituting equations  (28)  through  (35)  Into equations 

(36) and (37)  gives 

-2+ ^ +  2cosa(J + ^)(0.28619)   -   r.^ + ^J) (44) 

Y Zx/n    ooÄl«X    .     o_      WC 1    WC 

and 

2s1na(l + ^)(0.28619)  -  2*,, ^ - £ ^ 7r4 (45) 

P     -  P 
where    ^ ' K* - k 
Substituting equation:  (28),   (29),   (33),   (34),   (42)  and 

(43)  Into equation  (38) gives 

w 
1.2379 ^5 + Tr6 + 0.05287(4.5 - -^■) K, Ug + TTg) 

-  (J + £)(0.42168) (46) 

2 ci - n-v3/2] 
where ^5 ' J  5  W) 

2 w
c    3/2  Cl   -  (1  - V^?)3^ ^ -1 IT -r *r^— (48) 

and Y -  1.75 w (49) 
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Equations (44), (45) and (46) express the variables 

a. TT^. h/w, Z/w and K^ as functions of w /w, s/w and IT«. 

Thus there are five unknowns and only three equations. Two 

of the five unknowns must be determined empirically. It has 

been decided to use the experimentally-determined values of 

the dlmenslonless separation distance h/w and the dimension- 

less pressure In the separated-flow zone ir*/^ and to cal- 

culate from equations (44), (45) and (46) the angle of 

deflection a, the dlmonslonless combined jet part-width Z/w, 

and the control jet side entralnment coefficient K,. The 

values of the dlmenslonless separation distance h/w are 

taken from Table 2 of Section 4.5. 

The reason why the ratio (TT^/TU) « (P - Pa)/(
pfC- 

p
a) 

rather than the ratio TT^ » ^Pc ' Pa^Pts " Pa^ was chosen 

to be used as an empirical relation In the calculations Is 

because, for the relatively weak control flows, the ratio 

n^/TTg Is Independent of the pressure ratio t^  and Is only a 

function of geometry (setback and control nozzle width). 

This Is so because the power jet acts almost like a vertical 

wall as far as the separation region Is concerned. Figure 

82 verifies the fact that. In the range of the power and 

control jet supply pressures used, the ratio Tr^/7T2 depends 

only on the geometry. 

Table 4 gives the empirical values of the dlmenslonless 

pressure TT^/T^ for various values of dlmenslonless setback 
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s/w and dlmenslonless control nozzle width w /w. 

Table 4. Em;. ;;'cally-determlned values 
of the dlmenslonless i assure ratio TT./TT. 

V/w 
c/v\ 

1 1 
I 

1 0.692 0.85 

1 0.41 0.61 

The results of Table 4 are plotted In Figure 83. 

The results of the calculations and a comparison with 

the experiments are presented In the next section. 

6.  RESULTS OF CONTROL VOLUME ANALYSIS AND COMPARISON 

WITH EXPERIMENTS 

In this section, the results of the control volume 

analysis are presented and compared with the experimental 

results. 
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6.1 Angles of Deflection 

Figures 84 to 87 show comparisons of the results ob- 

tained from the Ideal fluid model and from the real fluid 

model with the experimental results obtained In the present 

Investigation. Also shown In those figures are the results 

obtained by using a simple momentum balance. The experimen- 

tal results obtained by Gungor [8] and Weeks [9] for two 

jets Interaction were expressed In terms of the velocity 

ratio of the control and power jets obtained from flow rate 

measurements. Since the pressures at the power and control 

nozzle exits are not atmospheric and are not known, their 

experimentally-determined values of the angle of deflection 

cannot be compared with the results obtained In the present 

Investigation. The only experimental results that are com- 

parable with the present Investigation are those obtained 

by Bourque [12]. His results were obtained for wc/w ■ 1 and 

various values of setback and showed that the angles of de- 

flection were Independent of the values of setback. There- 

fore only one set of data for w /w ■ 1 and s/w« 1 from 

Bourque's results Is plotted In Figure 84. The difference 

between the results obtained by Bourque and those of the 

present Investigation Is most likely due to the effect of 

the aspect ratio. Bourque used an aspect ratio of the power 

nozzle exit of 12 In his test while the corresponding aspect 

ratio In the present Investigation was 2. The effect of 
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resistance (shearing stress) caused J/ the bounding walls Is 

relatively smaller for a large aspect r^tlo jet than for a 

small aspect ratio Jet. This explains why the angle of 

deflection obtained by Bourque Is always higher than that 

obtained In the present Investigation. 

From an Inspection of Figures 84 to 87, one can tell 

that, In general, the real fluid model gives the best agree- 

ment with experiments. The Ideal fluid model agrees with 

the experiments fairly well at small values of the dlmen- 

slonless pressure IU and deviates from the experimental 

values at higher values of irg. The angles of deflection 

calculated from the Ideal fluid model are always smaller 

than the experimentally determined values. The calculated 

results by using simple momentum balance deviate most from 

the experiments and are always substantially higher than 

the experimentally determined values. As described In Sec- 

tion 4.4, simple momentum analysis neglects the effect of 

the pressure difference across the power Jet before It meets 

the control Jet and It also neglects the fact that the con- 

trol Jet does not meet the power jet until the control Jet 

has already turned through a large angle at the separation 

zone near the setback wall. The errors Introduced by neg- 

lecting these two factors partially compensate each other. 

However, the fact that the angles of deflection calculated 

by using simple momentum balance are always higher than the 
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experimentally-determined values Indicates that the effect 

of neglecting the separation of the control Jet Is more 

severe than the effect of neglecting the pressure difference 

across the power Jet.  In other words, one overestimates the 

angle of deflection a great deal by using the momentum of 

the control Jet In Its Initial direction. 

Since the other variables used In the Ideal fluid model 

differ from those of the real fluid model, they are pre- 

sented separately. 

6.2 Results Obtained from the Ideal Fluid Model 

Figure 88 shows the calculated dlmenslonless width w^/w 

of the power Jet at the section where the pressure Is uni- 

form across and equal to the atmospheric pressure.  It shows 

that this dlmenslonless width Is always less than unity. 

This can be considered to represent the pinching effect on 

the power jet caused by the control Jet reported by Moynlhan 

and Rellly [3], Douglas and Neve [5], Weeks [9] and Sarpkaya 

et al [11]. This pinching effect becomes more and more 

severe as the control flow Is Increased. Figure 88 also 

shows that the Ideal fluid model predicts that the ratio 

w,/w depends on the control nozzle width ratio w /w only and 

Is Independent of the value of dlmenslonless setback s/w. 

Figure 89 shows the calculated width of the control Jet 
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at the section where the pressure Is uniform across the com- 

bined jet and equal to the atmospheric pressure. The result 

follows directly from equation (13) In Section 5.1, which 

shows that w2/w increases with w /w and Is Independent of 

s/w and ng. 

Figure 90 shows the calculated radius of curvature of 

the power jet. The values of the dlmenslonless radius R/w 

are independent of the setback and decrease with increasing 

dlmenslonless pressure TT«. This means that, as expected, 

the power jet is deflected more rapidly when the control jet 

flow is increased. 

Figure 91 shows the variation of the calculated dlmen- 

slonless separation distance h/w with TU for different 

values of setback and width of the control jet nozzle.  It 

shows that for fixed control nozzle width ratio w;,/w and 

fixed setback ratio s/w, the dlmenslonless separation dis- 

tance h/w varies only slightly with dlmenslonless pressure 

TTp. However, a comparison of the results shown In Figure 91 

with those of Table 2 In Section 4.5 shows that the agree- 

ment is not satisfactory. 

Figure 92 shows the plot of the calculated dimension- 

less distance T/w versus dlmenslonless pressure TT« for 

different values of setback and width of the control jet 

nozzle.  It shows that the dlmenslonless distance T/w varies 
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only slightly with dlmenslonless setback, width of the con- 

trol Jet nozzle, and dlmenslonless pressure irg. As Figure 

79 shows, the value of (x +T) represents approximately the 

distance downstream from the exit of the power Jet nozzle 

at which the pressure becomes uniform across the combined 

Jet and equal to the atmospheric pressure (section CE). If 

one chooses 1.2w as an average value for T and adds 0.5w, 

which represents an approximate value of the x-coordlnate 

of the pivot point, then (x + T) equals 1.7w. As stated In 

Section 4.7 the value of the distance downstream from the 

power Jet nozzle exit where the pressure becomes uniform 

across the combined Jet Is estimated from experiments to be 

approximately 2.5w. Hence we may conclude that the agree- 

ment with the Ideal fluid model Is not very good. 

Figure 93 shows two comparisons of the calculated and 

experimentally-determined pressure distribution In the 

vicinity of the setback wall. The agreement again Is poor. 

6.3 Results Obtained from the Real Fluid Model 

As was mentioned In Section 5.2. the real fluid model 

makes use of the experimentally-determined variation of the 

dlmenslonless separation distance h/w and dlmenslonless 

pressure ratio TT,/^ and allows calculation of the entrain- 

ment coefficient K1 .of the dlmenslonless part-width of the 

combined Jet at the location where the potential core 
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disappears, Z/w, and of the velocity distribution at that 

location In addition to the angle of deflection. 

Figure 94 shows the calculated variation of the en- 

tralnment coefficient on the control jet side of the com- 

bined Jet with dlmenslonless pressure iu for various values 

of dlmenslonless setback and width of the control jet 

nozzle.  It shows that the coefficient K1 depends only 

slightly on the values of setback for a fixed value of the 

width of control jet nozzle.  For a fixed value of setback, 

the coefficient K^ Is less for larger values of the control 

jet nozzle width than for small values. Qualitatively 

speaking, entralnment depends on the velocity gradient In 

such a way that larger velocity gradient entrains more 

surrounding fluid. The width of the control jet before It 

mixes with the power jet depends strongly on the width of 

the control jet nozzle.  If the width of the control jet 

nozzle Is fixed, then the width of the control jet before 

It mixes with the power jet for s/w= 1 does not differ very 

much from that of the control jet for s/w =1/2 and the 

Intensity of the entralnment process does not differ much 

In these two cases.  If the value of the setback 1s fixed 

and the width of the control jet nozzle varies, then a large 

control jet nozzle width produces thicker control jet than 

a narrow control jet nozzle.  The thinner control jet merges 

with the power jet faster and therefore the combined jet 
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begins to entrain the surrounding fluid earlier than In the 

eise  when the control Jet Is thick. If In both cases the 

combined Jets travel the same distance, then In the case of 

a wide control Jet nozzle less fluid Is entrained than In 

the case of a narrow control Jet nozzle because the control 

Jet velocity Is much smaller than the velocity of the power 

Jet. 

Figure 95 shows the calculated variations of the dimen- 

slonless combined jet part-width at the location where the 

potential core disappears, Z/w, for various values of the 

dlmenslonless setback, width of the control Jet nozzle,and 

dlmenslonless pressure ^•  ^ shows that the ratio Z/w 

Increases with increasing value of TU (It therefore also 

Increases with Increasing control flow for a given power Jet 

flow) and with increasing values of the setback and width 

of the control Jet nozzle. 

Figures 96 to 99 show several comparisons of the meas- 

ured velocity distribution with that obtained from equations 

(28) and (29) described in Section 5.2 together with the 

values of the combined Jet part-width Z calculated in this 

section.  It shows that the calculated velocity profile pre- 

dicts lower flow speeds than measured near the center and 

higher flow speeds than measured near the outer region of 

the combined Jet. This means that while with the assumed 

velocity profile we are estimating correctly the flow rate, 
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we underestimate the linear momentum of the combined Jet 

because we underestimate the velocity In the high velocity 

region. Also shown In Figures 96 to 99 Is the Slmson's 

profile for a two-dimensional free Jet. Slmson's profile 

underestimates the velocity In the outer region of the Jet. 

6.4 Summary of the Control Volume Analysis 

A. The Ideal fluid model predicts fairly well the measured 

angle of deflection. However, other parameters are not 

predicted satisfactorily. 

B. The real fluid model, which makes use of empirical 

Information concerning the location of the separation 

point of the control Jet from the setback wall and of 

the pressure In the separated flow zone, predicts very 

well the measured angle of deflection of the power Jet. 

It also allows calculation of the entralnment coeffi- 

cient of the combined Jet on the control Jet side and 

of the velocity profile of the combined Jet at the 

location where the potential core disappears. 

7.  CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

The results of the present Investigation are summarized 

in Sections 4.8 and 6.4. They show that an understanding of 
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the process of Jet Interaction Is necessary before an 

attempt can be made to analytically predict the angle of 

deflection of the power Jet. The control volume employed 

in the present Investigation proved to be very successful 

In predicting the angles of deflection as a function of 

setback, control port width and the ratio of the supply 

pressure of the control Jet to that of the power Jet. 

Suggestions for possible areas of research In the 

future are described below. 

(A) Flow visualization study of the process of separation 

of the control Jet should be made to determine more 

accurately the location of the separation point on the 

setback wall. This Information Is needed to improve 

the real fluid model employed In the present Investi- 

gation. 

(B) An analytical model that Is able to predict the sepa- 

ration of the control Jet and to determine the pressure 

In the separated flow zone Is essential to predict the 

angles of deflection of the power Jet and should be 

developed. A model employing the frozen vortlclty 

theory to predict the general nature of the flow sepa- 

ration of a turbulent boundary layer ahead of a normal 

step reported by Taulbee and Robertson [23] may repre- 

sent a proper approach to this problem. 
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(C) An experimental study should be made of the entrainment 

process and of the effect of curvature of the control 

Jet on entrainment rate. 

(0) An experimental study should be made of the effect of 

aspect ratio on the Interaction process and on the 

development of the combined Jet. 

(E) The present analysis should be extended to the case of 

Interaction of two Jets with arbitrary angle between 

them. 

(F) Experimental Investigation should be extended to the 

case of Interaction of three Jets. 
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Figure 2a - Photograph of the Nozzle and the 
Manometer Used In Calibration. 

Figure 2b - Photograph of the Traversing Mechanism. 
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[-•75 -H*- 

DISA 55F31 
Type Probe 
of 1.25 mm 
of 5 ym. 

•125'H 
General-Purpose 
with Wire Length 
and Wire Diameter 

(a) 

L XT. 3=3 

DISA 55F35 Right-Angle Type 
Probe with Wire Length of 
1.25 mm and Wire Diameter 
of 5 um. 

(b) 

Figure 10 - A Sketch of the 
Two Hot Wire Probes Used in 
the Velocity and Turbulence 
Intensity Measurements. 
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Figure  12  - A Photograph  Showing  the Test 
Rig,   the  Experimental   Equipment and  the 
Traversing Mechanism. 
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Figure  50   -  Velocity Traverse  in y-Direction  at 
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Figure 66 - Comparison Between the Dimensionless 
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Figure 70 - Performance Curves for a Convergent-Divergent 
fiozzle with Varying Ratio of the Back Pressure to the 
Total Pressure at the Inlet. The Broken Lines Denotes 
Snock Waves, a) Variation of Pressure in the Nozzle, b) 
Variation of the Mach Number in the Nozzle, c) Relation- 
ship Between the Rate of Mass Flow and the Ratio of the 
Back Pressure to the Total Pressure in the Reservoir 
( from Reference [20] ). ^7 
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Figure 79 - Notation Used in the Ideal Fluid Model. 
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Figure 80 - Notation Used in the Real Fluid Model 
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Figure 88 - Calculated Dimensionless Width of 
the Power Jet at the Location Where the Pressure 
Is Uniform Across in the Ideal Fluid Model. 
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Figure 89 - Calculated   Dimensionless   Width of 
the Control  Jet at the Location Where the Pressure 
is Uniform Across in the  Ideal  Fluid Model. 

145 



R 
w 

10h 

8h 

2r 

4r 

s/wl/2, w /w=l 

0.1 0.2 0.3 0.4 ^2 

Figure  90  - Calculated   Dimensionless   Radius  of 
Curvature of the Power  Jet  in  the  Ideal   Fluid 
Model . 
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Model. 
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Figure 93 - Comparison of the Measured Pressure 
Distribution Along The Setback Wall with That 
of Calculated from the Ideal Fluid Model. 
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APPENDIX A 

In the Ideal fluid model, there are nine unknowns and 

eight equations. Therefore an additional equation is 

needed.  Originally an angular momentum equation with re- 

spect to point A in Figure A-l was employed. This equation 

is given below: 

,W1 
P J  VABydy 

0 

- P V^^sinfej-ajdy' 

Vp^sin^-oOdy' - p 
A 

VGFxdx 

■w. 

A 
(PAB-Pa)ydy + (PGF- Pjxdx 

,Wc w. 

(s+h)i(PGF.Pa)dx + |C(A)
2
(pGF.pa)xdx 

0      c 0   c 

(s+h) 

(PAG-Pa)ydy (A-l) 

where    r,sin(e,-a) = -^w, + iwcosa - x sina + y'  (A-2) 

Substituting equations (1) through (7) in Section 5.1 and 

equation (A-2) into equation (A-l) gives 
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1   - 2(^co.a.^,lna)  -^[1  + (iit)2] 

^9 C - "^ (TT -  cosa  +  2  -f sina  + -rr)  + I  ( —) ZLww w w6w 

2 w  v~}  + S" ^     + I ^~,  ] (A-3) 

Equation (A-3) was used as the additional equation in 

the ideal fluid model.  However, when solving the nine 

simultaneous equations on the computer using the program 

LOPER, only two sets of solutions (for w /w= 1, s/w= 1 

and for w /w = 1, s,/w=l/2) could be obtained.  For the 

cases with w /w=l/2, LOPER did not give any solution with 

an acceptable error.  Therefore x /w=l/2 rather than equa- 

tion (A-3) was used in the calculations. 

The experimental results described in Section 4.2 show 

that the value of x /w=l/2 was in good agreement with 

experiments except for the case of w /w=l/2 and s/w=l in 

which x /w has a value lying between 1.5 and 3 depending on 

the pressure ratio TT«.  When these values were used in the 

calculation, the program LOpER again did not give a solution 

with an acceptable error. Therefore, x /w=l/2 was used for 

all the calculations. 

Another point which should be mentioned is that in the 

model shown in Figure 79, the coordinate axis r bisects line 
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CO and makes an angle a with  respect  to  the horizontal   axis. 

The coordinate axis r Intersects  the centerline of the power 

jet nozzle at point 0 corresponding to the coordinate of  the 

pivot point x  .    The value of  the coordinate x    may or may 

not  correspond to the value  determined experimentally by 

connecting the points of maximum combined jet velocity at 

different distances  from the  pivot  point.    For small   angles 

of deflection,  these values  should not differ much. 

Figure  A-l 
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APPENDIX B 

B-l      Simson's profile for a two-dimensional free jet 

is given by 

'H' 
M .12 

(B-l) 

with k = 1.378 w/x  and M = 1.75.  For the definition 

of symbols used, see Figure 81. 

In the present investigation for a bounded free 

jet with power jet nozzle exit aspect ratio of two, the 

half-width of the power jet at location x  is 1.75w 

instead of 1.378w. Therefore the following expression 

is employed for a bounded free jet with aspect ratio 

of two, 

/12 
\ M 

1 
1.75 w 

(B-2) 

At x = x. 

1 

■12 
(B-3) 

Equating  the  momentum of  the  jet   leaving  the 

nozzle   to   that  of  the  jet  at  x     gives 

1 .75w 

[r] dy =  IJ   w L       x=x     J        o 
(B-4) 
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Substituting equation (B-3) Into equation (B-4) and 

remembering that U =V^ gives 

1.75w 
1 - ^rrk) 

n4 
dy = w (B-5) 

After  Integration and simplification,  equation  (B-5) 

becomes 

0.7134 4 +  
6 4  + J-.= 0 M+l  2M+T  3M+1   4M+1 (B-6) 

Equation {B-6) then gives M = 1.3616 which Is used In 

the real fluid model In Section 5.2. 

B-2      Equation (39) In Section 5.2 Is obtained as fol- 

lows.  The velocity profile for a bounded jet of aspect 

.atio two (equation B-2) Is 

1 .3615" 

1.75 w-r- 
(B-2) 

Referring to Figure 81, in the transition zone, one 

can write down 

b/2 

Q - 2 U0dy + 7 

^e,max 

Vdye 

= Urtb + 2U 0      0 

ye,max 
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1.361512 

1.75w-^ 
xo 

dye 

(B-7) 



where Vmax  -   1'75wr (B-8) 

and w(^-) (B-9) 

Substituting equations (B-8) and {B-9) into equation 

(B-7), after integration, equation (B-7) becomes 

Q = U0w(l -f-)   + 2U (1.75w-f-)(l 
o o 

1 
2.3615  3.723 ) 

(B-10) 

Dividing equation (B-10) by U w gives 

i. , + [3.5(, .^1^. -3_|73-)] i 

or 

Q _ 1 + 0.47588 — 
xo 

(B-ll) 

Equation (B-ll) is the same as equation (39) in Section 

5.2. 
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